The innate biological response to peripheral nerve injury involves a complex interplay of multiple molecular cues to guide neurites across the injury gap. Many current strategies to stimulate regeneration take inspiration from this biological response. However, little is known about the balance of cell-matrix and Schwann cell-neurite dynamics required for regeneration of neural architectures. We present an engineered extracellular matrix (eECM) microenvironment with tailored cell-matrix and cell-cell interactions to study their individual and combined effects on neurite outgrowth. This eECM regulates cellmatrix interactions by presenting integrin-binding RGD (Arg-Gly-Asp) ligands at specified densities. Simultaneously, the addition or exclusion of nerve growth factor (NGF) is used to modulate L1CAM-mediated Schwann cell-neurite interactions. Individually, increasing the RGD ligand density from 0.16 to 3.2 mM resulted in increasing neurite lengths. In matrices presenting higher RGD ligand densities, neurite outgrowth was synergistically enhanced in the presence of soluble NGF. Analysis of Schwann cell migration and co-localization with neurites revealed that NGF enhanced cooperative outgrowth between the two cell types. Interestingly, neurites in NGF-supplemented conditions were unable to extend on the surrounding eECM without the assistance of Schwann cells. Blocking studies revealed that L1CAM is primarily responsible for these Schwann cell-neurite interactions. Without NGF supplementation, neurite outgrowth was unaffected by L1CAM blocking or the depletion of Schwann cells. These results underscore the synergistic interplay between cell-matrix and cell-cell interactions in enhancing neurite outgrowth for peripheral nerve regeneration.
Introduction
Regeneration of the peripheral nervous system (PNS) after an acute injury requires a coordinated effort from macrophages, Schwann cells and neurons in order to achieve functional recovery [1, 2] . After infiltrating macrophages have cleared debris from the injury site, Schwann cells from the distal nerve stump proliferate and migrate into the vacated endoneurial tubes [3] . These Schwann cells facilitate axonal regeneration both by direct Schwann cellaxon contact (through cell adhesion molecules such as L1CAM, NCAM and N-cadherin) and by synthesizing extracellular matrix components conducive to neurite extension (such as laminin and tenascin) [4, 5] . Although significant advancements have been made in our understanding of post-injury regeneration in the PNS, the importance of relative interactions among Schwann cells, neurons and the ECM remains unclear. We present the use of an engineered extracellular matrix (eECM) to strategically manipulate cell-matrix and Schwann cell-neuron contact to enhance neurite outgrowth from chick dorsal root ganglia (DRGs).
One of the greatest barriers to functional recovery in the PNS is the reconstruction of the highly organized neuronal-glial architecture [6, 7] . In particular, the formation of a myelin sheath around axons depends critically on the ability of the ensheathing Schwann cell to polarize [8, 9] . Intimate cellular contact on the adaxonal surface of the Schwann cell is maintained through cell adhesion molecules (CAMs) such as L1 cell adhesion molecule (L1CAM) and neural cell adhesion molecule (NCAM), as well as myelin-associated glycoprotein (MAG) [10, 11] . On the other hand, the outer abaxonal surface of the Schwann cell binds to ECM proteins in the basal lamina [12] [13] [14] . This neural architecture presents an interesting division of labor between cell-matrix and cell-cell interactions [15] . First, we address the problem of regulating cell-matrix interactions by developing an eECM that presents cell-adhesive ligands at specified densities. Second cell-neuron interactions via L1CAM are enriched by stimulation with soluble nerve growth factor (NGF).
The integrin-binding RGD (Arg-Gly-Asp) sequence, native to a variety of ECM components, is widely studied due to its interaction with many of the classic integrin subunit combinations [16, 17] . In its native contexts, the RGD sequence has been shown to stimulate Schwann cell migration and proliferation, as well as neurite extension in two-and three-dimensional systems [18] [19] [20] [21] [22] . Due to its ability to support neural outgrowth, the RGD peptide has also been incorporated in several eECM systems for neuronal culture [16, [23] [24] [25] . For example, Schense and Hubbell [26] demonstrated that neurite outgrowth speed responds bimodally to the density of these integrin-binding RGD ligands when presented in the context of fibrin matrices; migration is inhibited at both very low and very high RGD ligand densities. The optimal ligand density for neurite outgrowth therefore requires sufficient integrin engagement to provide traction without inhibiting detachment from the substrate.
In order to isolate the effect of integrin-binding RGD ligands on neurite outgrowth, we previously incorporated a fibronectinderived 17 amino acid sequence containing the RGD ligand into a protein-engineered material that does not otherwise mimic the amino acid sequence of native ECM components in the basal lamina [27] . This elastin-like protein (ELP) eECM confers mechanical resilience and elasticity appropriate for applications in neural regeneration, but exclusively limits receptor-specific binding to integrin-RGD partners [25] . Furthermore, by mixing two similar eECM components -one incorporating the bioactive RGD ligand and the other incorporating a non-binding RDG (Arg-Asp-Gly) sequence -we can control the density of integrin-binding sites presented on the hydrogel surface without altering the overall matrix density or mechanics of the eECM (Fig. 1A) [27] .
NGF, a common supplement in the culture of DRG explants, is well known for its role in neurite outgrowth [25, 28] , chemotaxis [29] and neuron survival [30, 31] . DRG sensory neurons express TrkA, a high-affinity receptor for NGF. In addition, NGF has lowaffinity binding to p75 and the a 9 b 1 integrin (Fig. 1D) . Binding of NGF to these low-affinity receptors is thought to result in the upregulation of L1CAM in neurons [32] . In turn, L1CAM mediates signaling between neurons and Schwann cells, and is thought to play a role in successful PNS regeneration by mediating cell-cell communication [1, [33] [34] [35] . Therefore, we hypothesized that withdrawing NGF supplementation from DRG cultures would result in altered neuron-Schwann cell interactions. Furthermore, there is some evidence that L1CAM engagement can potentiate integrinmediated migration [36, 37] . Together, these data prompted us to explore the potential interplay between cell-matrix and Schwann cell-neuron interactions within an engineered biomaterial context.
In this work, we show that the coordinated effect of L1CAM engagement and integrin-RGD binding synergistically enhances outgrowth of neurites from DRGs. The manipulation of cell-matrix and cell-cell interactions represents an important tool for coordinating and enhancing growth of neural tissues. Therefore, simultaneous stimulation of integrin-mediated adhesion and L1CAM engagement may be a useful strategy in the development of therapies for peripheral nerve regeneration.
Materials and methods

Preparation of elastin-like protein eECM
ELPs incorporating either cell-adhesive, fibronectin-derived extended RGD domains or inactive RDG domains were produced separately using recombinant protein engineering [27, 38] . The full amino acid sequences for both proteins are shown in Fig. S1 . Briefly, plasmids encoding the appropriate protein sequence for ELPs were transformed into the BL21(DE3) strain of Escherichia coli. The bacteria were fermented in Terrific Broth medium to an optical density of 0.8, at which time 1 mM isopropyl b-D-1-thiogalactopyranoside was added to induce ELP production via the T7-lac promoter. After 4-6 h, the bacteria were pelleted and lysed by sonication in TEN buffer (0.1 M NaCl, 0.01 M Tris, 0.001 M EDTA at pH 8.0) with 1 mM phenylmethylsulfonyl fluoride protease inhibitor. Because ELPs exhibit lower critical solution temperature behavior, the desired protein could be purified from the cell pellet debris by repeated temperature cycling: at 4°C, ELP was dissolved into H 2 O and brought to pH 9.0; at 37°C, ELP precipitation was aided by the addition of 1 M NaCl. The purified ELP was dialyzed against H 2 O in a 10,000 molecular weight cutoff membrane to remove excess NaCl. The resulting protein product was verified by both sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot targeting of the His-tag at the N terminus.
Sterilization of ELP was achieved by 0.22 lm filtration and lyophilization.
ELP hydrogel formation
To fabricate 3 wt.% hydrogels, ELP in phosphate-buffered saline (PBS) at 3.75 wt.% was mixed with tetrakis(hydroxymethyl)phosphonium chloride (THPC) crosslinker in H 2 O to a final concentration of 2.8 mM THPC, resulting in a stoichiometric ratio of one crosslinker functional group per primary amine on the protein backbone. In the case of hydrogels containing 3.2 mM RGD ligands, all ELPs in the precursor solution contained the cell-adhesive RGD domain. In order to achieve lower RGD ligand densities, the appropriate ratios of cell-adhesive and non-adhesive ELPs were mixed to 3.75 wt.% before adding crosslinker. The resulting precursor solution was pipetted into cylindrical silicone molds (5 mm diameter, 0.5 mm height) on glass coverslips and allowed to crosslink at room temperature for 10 min and at 37°C for 30 min. The hydrogels were then submerged in the appropriate medium for 1 h at 37°C before the addition of DRGs.
Isolation and culture of dorsal root ganglia
DRGs were isolated from E9 embryonic chicks and suspended in cold culture medium until placement on ELP hydrogels [39] . The culture medium consisted of Dulbecco's modified Eagle's medium with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin, with or without 50 ng ml À1 nerve growth factor. For the Schwann cell-depleting treatment to select for a neuronal population, the medium also contained 7 lM cytosine arabinoside. For L1CAM blocking studies, a 1:50 dilution of a monoclonal antibody directed against the L1-like antigen 8D9 was added to the culture medium. The 8D9 monoclonal antibody, developed by Dr. Vance Lemmon, was obtained from the Developmental Studies Hybridoma Bank, created by the NICHD of the NIH and maintained at the Department of Biology, University of Iowa. For conditioned medium experiments with Schwann cell-depleted cultures, DRG explants were treated with culture medium supplemented with 7 lM cytosine arabinoside, in the presence or absence of 50 ng ml À1 NGF. After 24 h, half of the culture medium was exchanged with conditioned medium obtained from 3 day cultures of intact DRG explants. After submerging ELP hydrogels in the appropriate medium, the isolated DRGs were carefully pipetted onto the surface of each hydrogel and incubated at 37°C in 5% CO 2 and 100% humidity for 3 days without replenishing the medium.
Immunostaining of DRGs
After 3 days, the DRG cultures were immunostained for neurites (1:500, monoclonal mouse anti-b-III tubulin, Promega) and Schwann cells (1:400, polyclonal rabbit anti-S100 protein, Sigma). At room temperature, the hydrogels were fixed in 4% paraformaldehyde for 1.5 h, washed three times in PBS and permeabilized using 0.25% Triton-X in PBS for 30 min. After blocking for 3 h in 5% bovine serum albumin (BSA) and 0.5% Triton-X in PBS, the hydrogels were incubated overnight in a solution of primary antibodies, 2.5% BSA and 0.25% Triton-X in PBS. The primary antibody solution was removed by rinsing repeatedly with PBS, and the hydrogels were incubated in a secondary antibody solution (goat anti-mouse AlexaFluor 546 at 1:500, goat anti-rabbit AlexaFluor 488 at 1:500, Life Technologies) overnight. Before imaging neurite outgrowth, samples were rinsed in PBS three times. Samples were mounted by carefully removing the silicone mold and inverting onto a droplet of ProLong Gold Antifade mounting solution (Life Technologies) on a coverslip. Using a Leica SPE confocal microscope, z-stacks 50-100 lm high (step size: 2.4 lm) were taken and tiled together in the x-y plane to visualize the entire DRG, as well as all surrounding neurites and migrating Schwann cells. For each channel, maximum projections of these tiled z-stacks were saved for downstream image analysis. 
Imaging and data analysis
Neurite outgrowth was assessed using a modified version of a previously reported MATLAB script [25] . Briefly, maximum projections of the beta-III tubulin, S100 and DAPI stacks were input for each DRG. The script divided each DRG into 360 segments spanning 1°each and recorded the longest b-III tubulin-positive neurite in each segment ( Fig. 2A) . Neurite length was defined as the shortest distance between the neurite tip and the DRG explant boundary, as identified manually by the user. The same MATLAB script was used to evaluate the maximum migration of Schwann cells by identifying the DAPI-stained nuclei that appeared farthest from the edge of the DRG within each 1°segment (Fig. 2C) . The difference between the Schwann cell migration front and the neurite outgrowth was determined by subtracting the average neurite outgrowth distance from the average Schwann cell migration front. Finally, co-localization of Schwann cells with neurites was evaluated using ImageJ. In the DAPI channel, the number of nuclei outside the DRG edge was determined using the Analyze Particles function. Next, a mask consisting of the beta-III tubulin channel was overlaid in order to obscure any nuclei co-localized with beta-III tubulin positive neurites. The Analyze Particles function was run again, revealing the proportion of cells migrating out of the DRG that were not co-localized with a neurite.
Regulation of cell adhesion molecules and integrin subunits
Three DRGs were manually pipetted onto each culture substrate, with 12 culture substrates per experimental condition. RNA was isolated using an RNAqueous-Micro Total RNA Isolation kit (Ambion). The DRGs and ELP gel on which they were cultured were transferred to lysis buffer and mechanically disrupted by sonication. RNA was extracted following the manufacturer's protocol and residual genomic DNA was removed by treating with DNase. A 100 ng aliquot of RNA per sample was reverse transcribed using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative reverse transcription polymerase chain reaction (RT-PCR) was performed using Fast SYBR Green Master Mix (Applied Biosystems) on an Applied Biosystems StepOnePlus Real Time PCR System. The primers used for RT-PCR are listed in Table S1 . GAPDH was used as an endogenous control.
Statistical analysis
Neurite outgrowth and Schwann cell migration were quantified for 6-13 DRGs for each of the eight conditions (0.16 mM RGD, 0.8 mM RGD, 1.6 mM RGD and 3.2 mM RGD, each with and without 50 mg ml À1 NGF), in order to ensure that at least 1000 neurites and Schwann cells were analyzed for each condition. Because neurites extending from the same DRG were found to exhibit highly correlated lengths, a sub-sampling method was used to account for within-sample correlations [40, 41] . This method used a simple average-of-averages approach with propagation of a standard error to account for the existence of pseudo-replicates. Two-way analyses of variance (ANOVAs) provided significance values for the effect of three parameters on neurite outgrowth and Schwann cell migration: RGD ligand density, NGF supplementation and an interaction term. For post-hoc t-tests, a Bonferroni correction was applied to account for multiple comparisons. The statistical significance of gene regulation as a result of NGF supplementation was determined using log-transformed data (n = 12 DRGs) [42] . Because the log 2 (fold change) approximated a normal distribution, a geometric mean of the fold change was found by averaging the log-transformed values and back-transforming to a natural scale. Similarly, the log-transformed data were used to calculate log-transformed confidence intervals, which were then converted into asymmetric confidence intervals on the natural scale. p-Values were calculated directly from log-transformed confidence intervals.
Co-localization of Schwann cells and neurites was determined, together with the number of migrating Schwann cells, by analyzing images of 3-13 DRGs for each of the eight eECM conditions. The effects of Schwann cell depletion, conditioned medium treatment and L1CAM blocking on neurite outgrowth were examined on 17-23 DRGs per sample and compared to outgrowth of their untreated counterparts using unpaired t-tests. As above, a sufficient number of DRGs were used to ensure that at least 1000 neurites and 1000 Schwann cells were analyzed for each condition.
Results and discussion
NGF synergistically enhances neurite outgrowth on RGDpresenting matrices
The effect of cell-matrix interactions on neurite outgrowth was evaluated by culturing DRGs on eECMs presenting one of four RGD ligand densities, with or without soluble NGF in the culture medium. Neurites were observed to extend on all four eECM formulations, regardless of NGF supplementation (Fig. 1B and C) . However, outgrowth on 0.16 and 0.8 mM RGD eECMs was modest, consisting of a few delicate neurites 100-200 lm long. In matrices presenting higher RGD ligand densities, the number and length of outgrowing neurites increased dramatically. On the 3.2 mM RGD eECM, NGF-supplemented cultures produced a robust outgrowth of fine, hair-like neurite structures, while the NGF-free cultures exhibited more modest outgrowth and bundled neurites.
Both RGD ligand density and NGF supplementation were found to significantly increase neurite outgrowth (p < 0.0001 and p < 0.005, respectively, two-way ANOVA, Fig. 2A and B) . Furthermore, a significant interaction term (p < 0.05) pointed to interplay between the RGD ligand density and NGF supplementation. In the highest ligand density eECM, medium supplementation with NGF increased the mean neurite outgrowth length by 68% (p < 0.0001, post-hoc t-test with Bonferroni correction), suggesting that these two parameters interacted synergistically to enhance outgrowth.
This RGD-dependent outgrowth is consistent with our previous reports for DRGs cultured within three-dimensional ELP eECMs, where addition of the RGD ligand significantly improved neurite outgrowth [25] . Previously, Sheppard et al. [43] also observed an increase in neurite outgrowth from DRGs in poly(ethylene glycol) gels as RGD concentration was increased from 0 to 5 mM. However, Schense and Hubbell [26] reported that neurite outgrowth was bimodally dependent on RGD ligand density at much lower ligand concentrations, with maximal outgrowth on fibrin matrices containing 18 lM and decreased outgrowth observed on matrices with higher RGD content (up to 87 lM). Neurite outgrowth in our microenvironments increased as the concentration of RGD ligands was increased from 0.16 to 3.20 mM (Supplemental Fig. S2A [45] . Consistent with previous reports [43, 46] , soluble plasma fibronectin (which contains the RGD ligand) from the FBS in the culture medium did not detrimentally affect cell adhesion and neurite extension on the engineered matrices.
NGF suppresses Schwann cell migration on low ligand density matrices
RGD ligand density and NGF supplementation were also found to be significant factors for Schwann cell migration distance ( Fig. 2C and D) . Similar to neurite outgrowth, the migration of Schwann cells increased with increasing RGD ligand density in the presence of NGF (Supplemental Fig. S2B ). In contrast to neurite outgrowth, Schwann cell migration on the 3.2 mM RGD eECM was unaffected by supplementation with NGF. In fact, NGF had the greatest effect on Schwann cells migrating on the lower RGD ligand density eECMs, suppressing Schwann cell migration by as much as 61% on 0.16 mM RGD (p < 0.05, post-hoc t-test with Bonferroni correction).
A comparison between Schwann cell migration distance and the corresponding neurite outgrowth length in each condition indicated that enhanced cell-cell interactions may have been responsible for the slower migratory progress of Schwann cells in NGF-supplemented medium (Fig. 3A) . In the absence of NGF, Schwann cell migration surpassed neurite outgrowth by an average of 167 ± 8 lm (mean ± SEM for all four eECM formulations without NGF, n = 40 DRGs). By contrast, Schwann cell migration in NGF-supplemented conditions tracked closely with neurite outgrowth, lagging by only 12 ± 7 lm on average (mean ± SEM for all four NGF-supplemented eECMs, n = 33 DRGs). Although NGF supplementation significantly altered the Schwann cell migration distance relative to neurite outgrowth (p < 0.0001 for each eECM formulation, t-test with Bonferroni correction), RGD ligand density did not have a significant effect (one-way ANOVAs). These results supported the hypothesis that the addition of NGF altered Schwann cell-neurite interactions, while RGD ligand density did not.
To verify that Schwann cell migration past neurites in NGF-free cultures was not attributable to a higher number of migratory Schwann cells, we compared the number of migrating cells in each of the eight conditions (Fig. 3B) . Confirming the hypothesis, NGF supplementation was not a statistically significant predictor of the number of migrating Schwann cells. In contrast, increasing RGD ligand density significantly increased the number of migrating Schwann cells (p < 0.0001 for RGD ligand density, two-way ANOVA). These data agree with previous reports, which identified the presentation of RGD ligands as a regulator of neurite outgrowth and Schwann cell migration [22, 47] . Therefore, the migration of Schwann cells past neurites in NGF-free cultures is not due to a higher number of migrating Schwann cells, suggesting that neurite-Schwann cell interactions may be modified by the presence of NGF.
Schwann cell-neurite contact is enhanced by NGF
Following an injury in the PNS, Schwann cells interact with neurons and encourage neurite extension by secreting neurotrophic factors, by synthesizing new ECM and by direct engagement with neurites through cell adhesion molecules [5] . Myelinating Schwann cells transition to a non-myelinating phenotype that is characterized by increased expression of the cell adhesion molecules L1CAM, NCAM and N-cadherin [5] . L1CAM and NCAM facilitate contact between axonal growth cones and non-myelinating Schwann cells [48] . In particular, L1CAM has been shown to play a crucial role in nerve regeneration, as blocking antibodies directed against L1CAM inhibit neurite outgrowth in co-cultures with Schwann cells, whereas blocking antibodies against NCAM have been less effective [5] . As the regeneration process continues and Schwann cells begin to wrap around the extending neurites, the Schwann cells transition back to a myelinating phenotype, and Schwann cell-neurite interactions become dominated by cell-cell adhesion through MAG [5, 48] .
Several groups have previously reported a link between NGF and the subsequent up-regulation of L1CAM [32, 49] . Quantitative RT-PCR of DRGs in NGF-supplemented and NGF-free medium confirmed the up-regulation of mRNA encoding for L1CAM in the presence of NGF (p < 0.0001, Fig. 3C ). This observation is consistent with previous studies demonstrating up-regulation of L1CAM in response to NGF binding by p75 [32] . Therefore, the exogenous addition of NGF to the culture medium may have enhanced L1CAM engagement between Schwann cells and neurites during outgrowth. Quantitative RT-PCR also indicated an up-regulation of NCAM after treatment with NGF (p < 0.0001); however, previous studies have found that blocking NCAM-mediated interactions between neurites and Schwann cells did not significantly inhibit neurite outgrowth [5, 10, 50] . The post-translational modification of NCAM with polysialic acid (PSA) is known to regulate neurite outgrowth [51] , and measuring the relative NCAM mRNA content via RT-PCR does not detect these modifications. Thus, the observed increase in expression of mRNA for NCAM may not correlate with increased production of NCAM-PSA previously implicated in neurite outgrowth. The expression of N-cadherin was not significantly affected by NGF treatment. In addition, NGF supplementation led to a slight overall decrease in mRNA encoding for RGD-binding integrin subunits known to be present in DRGs [52] [53] [54] [55] . Together, these results imply that NGF had an overall effect of increasing cell-cell interactions via L1CAM, possibly at the expense of cellmatrix interactions.
We then used an image-based co-localization analysis to evaluate the hypothesis that NGF increases association between the outgrowing Schwann cells and neurites (Fig. 3D) . The fraction of Schwann cells that were spatially distinct from the neuron-specific b-III tubulin stain was subtracted from unity to determine the fraction of migrating Schwann cells co-localized with neurites. Regardless of RGD ligand density, the addition of NGF to the culture medium resulted in a dramatic improvement in Schwann cell-neurite co-localization (p < 0.01 for 0.16 mM RGD, p < 0.001 for other eECMs, post-hoc t-test with Bonferroni correction). The increase in RGD ligand density from 0.16 to 3.20 mM also resulted in a corresponding increase in co-localization in both NGF-free and NGFsupplemented conditions (2-37% in the absence of NGF, 53-87% in NGF-supplemented medium). Representative images illustrate the co-localization of Schwann cells with neurites both on high ligand density eECMs (3.2 mM RGD, Fig. 3E and F) and low ligand density eECMs (0.8 mM RGD, Fig. 3G and H) .
Neurite outgrowth requires L1CAM engagement in the presence of NGF
We hypothesized that Schwann cell-neurite contact is necessary for neurite outgrowth in NGF-supplemented cultures. To test this hypothesis, we depleted DRGs of Schwann cells without disrupting the overall explant architecture by including 7 lM cytosine arabinoside (AraC) in the culture medium. AraC blocks DNA replication, thereby depleting the DRG structure of rapidly dividing cells and leaving a highly enriched neuronal population (Fig. 4A ) [56] . Immunocytochemistry of these Schwann cell-depleted explants on eECMs confirmed the overwhelming absence of nonneuronal cells, although a small number of Schwann cells were observed (fewer than 10% of the migratory population in nondepleted explants).
Surprisingly, Schwann cell-depleted explants in the absence of exogenously added NGF exhibited a similar level of neurite outgrowth on the 3.2 mM RGD eECM as cultures without AraC (Fig. 4B and G) . By contrast, Schwann cell-depleted explants cultured in NGF-supplemented medium were no longer able to extend robust, finely structured neurite outgrowths ( Fig. 4B and H) . Quantification of this outgrowth revealed a non-significant change in neurite outgrowth for NGF-free medium (n = 23 depleted explants, Fig. 4B ) and an 84% decrease in neurite outgrowth attributable to Schwann cell depletion in NGF-supplemented medium (p < 0.0001, n = 22 depleted explants, Fig. 4B ). These surprising results are contrary to the typically trophic effect of NGF supplementation in neural cultures.
In order to evaluate whether Schwann cell-neurite contact via L1CAM in particular was responsible for neurite outgrowth in NGF supplemented medium, we added a monoclonal antibody directed against the L1-like antigen 8D9 to the culture medium. The 8D9 antigen is the avian ortholog to L1CAM in mammals, and an antibody against this antigen is known to block L1CAM-mediated signaling [57, 58] . We hypothesized that the level of Schwann cell-neurite interactions would be dramatically reduced due to blocking of L1CAM by the 8D9 antibody. Neurites in NGFfree medium exhibited similar outgrowth on the 3.2 mM RGD eECM, both with and without 8D9 treatment (n = 22 explants, Fig. 4B and C) . In contrast, neurite lengths in the NGF-supplemented, L1CAM-blocked conditions were reduced by 48% as compared to their counterparts without the blocking treatment (p < 0.0001, n = 21 explants, Fig. 4B and D) . Therefore, neurite outgrowth in the presence of exogenous NGF appears to require L1CAM-mediated Schwann cell-neurite contact, while this interaction is not required in the absence of NGF. Furthermore, the L1CAM blocking and Schwann cell depletion data suggest that neurite outgrowth in the absence of NGF is primarily mediated by the RGD ligand presented by the eECM. This is consistent with RT-PCR data indicating higher expression of RGD-binding integrins in NGF-free cultures (Fig. 3C) .
While L1CAM blocking significantly reduced neurite outgrowth in NGF-treated cultures, neurite outgrowth in the L1CAM-blocked cultures was still greater than in the Schwann cell-depleted cultures. In addition to the possibility of incomplete L1CAM blocking by the 8D9 antibody, soluble factors secreted by the Schwann cells or other mechanisms of Schwann cell-neurite contact may be responsible for this increased outgrowth [5] . To evaluate the effects of Schwann cell secreted factors, Schwann cell-depleted explants were treated with conditioned medium from cultures of intact DRG explants, with or without exogenous NGF. Schwann cell-depleted cultures treated with both conditioned medium and NGF exhibited significantly decreased neurite outgrowth relative to NGF-treated co-cultures (p < 0.0001, n = 17 explants, Fig. 4B and F) and similar levels of outgrowth when compared to L1CAM-blocked cultures. The addition of conditioned medium to the Schwann cell-depleted, NGF-treated cultures increased neurite outgrowth relative to Schwann cell-depleted cultures without conditioned medium (p < 0.05), indicating that soluble factors secreted by Schwann cells may permit partial recovery of neurite outgrowth. This relative increase in outgrowth provides a potential explanation for the increased outgrowth observed in L1CAM-blocked cultures relative to Schwann cell-depleted cultures that have been treated with NGF. Interestingly, in the absence of exogenous NGF, the addition of conditioned medium to Schwann celldepleted cultures results in decreased neurite outgrowth relative to Schwann cell-depleted cultures treated with standard culture medium (p < 0.01, n = 17 explants, Fig. 4B and E) . Schwann cells are known to secrete neurotrophins, including NGF, following an injury in the PNS [5] . Thus, the conditioned medium from DRG cultures containing Schwann cells likely contains NGF, which would lead to decreased neurite outgrowth, as demonstrated in the cultures treated with exogenous NGF.
In addition to Schwann cell-secreted soluble factors, direct Schwann cell-neurite engagement via N-cadherin is also known to play a role in Schwann cell-mediated neurite outgrowth [5, 59] . In particular, cell-cell contact via N-cadherin may explain the observation that migrating Schwann cells largely remain colocalized with extending neurites in the presence of L1CAM blocking (Supplemental Fig. S3 ). NGF treatment had no significant effect on N-cadherin expression (Fig. 3C) , suggesting that N-cadherinmediated Schwann cell-neurite contact is not responsible for the differences in outgrowth observed between NGF treated and untreated cultures. Future studies will investigate the role of Ncadherin-mediated Schwann cell-neurite interactions by disrupting N-cadherin binding using a function blocking antibody, similar to the strategy employed for L1CAM in the present study, or using a function blocking peptide [59] .
The dependence of neurite outgrowth on contact with Schwann cells when cultured on RGD-presenting matrices in the presence of NGF is a surprising result, given that previous studies have demonstrated integrin-dependent neurite outgrowth in neuronal cultures supplemented with NGF. We have previously reported enhanced neurite outgrowth from neuronal-like PC12 cells on eECM gels [27]. Muller et al. cultured sensory neurons derived from chick DRGs on adsorbed fibronectin, which contains a similar RGD ligand to that presented by our eECM, and found that RGD engagement by the a 8 b 1 integrin pair facilitated neurite extension [55] . In the present study, qRT-PCR revealed a decrease in expression of both a 8 and b 1 integrin subunits upon treatment with NGF (Fig. 3C ), providing a possible mechanism by which outgrowth on RGD matrices can be decreased by NGF treatment. Other studies have investigated the role of the laminin-binding a 1 b 1 integrin pair on neurite outgrowth in rat DRG sensory neurons [60] , PC12 cells and rat hippocampal neurons [61] . Both studies used cyclic RGD peptides to block substrate engagement by the b 1 integrin subunit. Rankin et al. [61] reported enhanced neurite outgrowth on laminin-coated substrates upon treatment with NGF. Our qRT-PCR results indicate a down-regulation of RGD-binding integrin subunits, including b 1 , upon treatment with NGF (Fig. 3C ). However, it is possible that NGF treatment results in the up-regulation of other integrins, such as the previously investigated a 1 subunit, that would permit outgrowth on matrices presenting other adhesion ligands.
The data presented in this paper demonstrate that L1CAM interactions mediate the synergistic enhancement of neurite outgrowth on RGD-presenting eECMs in NGF-supplemented medium. While NGF is generally thought of as neurotrophic, our data clearly show that its activity is context dependent; in the absence of Schwann cells, NGF can suppress neurite outgrowth (Fig. 4B, G and H) . Furthermore, we demonstrate that the neurotrophic activity of NGF depends critically on RGD ligand density in these microenvironments; significant enhancement of neurite outgrowth by NGF was only observed on the highest RGD ligand density matrix tested (Figs. 1B and C and 2B). In contrast, NGF supplementation caused Schwann cell migration to track closely with neurite length across the full range of RGD ligand density eECMs (Fig. 3A) . Therefore, in these particular microenvironments the predominant function of NGF appeared to be the enhancement of interactions between extending neurites and migrating Schwann cells (Fig. 3D-F) . These cell-cell interactions were dependent on L1CAM binding (Fig. 4B-D) and were required for synergistically enhanced neurite outgrowth in response to RGD ligands and NGF. These results have potential implications for the design of nerve guides for PNS regeneration.
Conclusions
We have engineered a microenvironment capable of regulating the cell-matrix and cell-cell interactions among neurites and Schwann cells extending from chick dorsal root ganglia. While the incorporation of integrin-binding RGD ligands and supplementation with NGF individually contributed to neurite outgrowth, these two strategies combined synergistically to produce significantly enhanced outgrowth. Additionally, neurites in NGF-supplemented medium extended on the eECM via a Schwann cellmediated, L1CAM-dependent mechanism. As a result, neurites in NGF-supplemented medium were unable to extend into the surrounding matrix without the assistance of Schwann cells. Our results highlight the synergistic effect of cell-matrix and cell-cell interactions in neural outgrowth behavior and support the further development of regenerative therapies for peripheral nerve injury that integrate cues to simultaneously control cell-matrix and cellcell engagement.
